Connected dominating set (CDS) is a representative technique for constructing virtual backbones of wireless networks to improve the efficiency of communication. Most of existing works on CDS aim to construct the minimum CDS (MCDS). However, MCDS may not be sufficient in cognitive radio networks where communication links are prone to failure due to random activities of primary users. To solve the problem, an algorithm is proposed in this paper to construct a CDS with redundancy and the maximum spectrums in CRNs. Moreover, with an integer programming formulation, an algorithm is designed to obtain the minimum 2-conneted 2-dominating set with maximum spectrums (MSs) in CRNs. To the best of our knowledge, this is the first integer programming formulation for the problem and the concept of MSs is put forward first. Simulation results indicate that our algorithm performs well.
Introduction
With the rapid growth of wireless applications and services, the demand of spectrums is rising dramatically, which leads to an issue of scarce spectrum resources. In general, licensed users and unlicensed users coexist in the network. Spectrums are assigned to licensed users in a long term. However, it is recognized that the licensed spectrums are underutilized 1 . On the other hand, unlicensed users need spectrums urgently. Aiming to alleviate the severe scarcity of unlicensed spectrums, cognitive radio network (CRN) has been proposed as a new kind of wireless networking model 2, 3 enabling unlicensed users to opportunistically utilize the spectrum bands. In a CRN, licensed users and unlicensed users are referred as primary users (PUs) and secondary users (SUs) respectively. With cognitive radios, SUs are able to sense the licensed spectrums and opportunistically access the idle channels in the licensed spectrums of PUs without causing interference to the PUs. But, SUs must vacate all the related channels at once which are reclaimed by PUs for their transmissions. Therefore, the set of available spectrums for SUs dynamically change due to activities of PUs. Such a feature makes the CRN pretty different from conventional wireless networks where all nodes usually operate over same and static channels.
As a virtual network backbone, a connected dominating set (CDS) 4 can improve the efficiency of multicast/broadcast routing. A dominating set (DS) of a given graph is a subset of nodes, and each node is adjacent to at least one node in the subset. The nodes in a DS and the other nodes are defined as dominators and dominatees respectively. A CDS of a graph is a DS, and the subgraph induced by it is connected. It is known that the connectivity of vertices in a DS is required for proper routing of signals as indicated 5 . CDS is applied in wireless network successfully in many aspects. Especially, lots of works construct minimum CDSs (MCDS), aiming to reduce the overall communication overhead, and thus prolong the network lifetime.
However, if simply changing the settings from conventional ad hoc network to CRN, the robustness of MCDS is still a very challenging problem. In ad hoc network, all nodes operate over the static channels. However, available spectrums of SUs dynamically change over time subject to unpredictable activities of PUs in CRN. As a matter of fact, recent results 6, 7 indicate that maintaining a certain degree of redundancy in a CDS can enhances the robustness of network. In order to solve the above problem, we propose an algorithm constructing the CDS with redundancy and maximum spectrums in CRNs. The main contributions of this work include:
(1) Propose a novel concept of maximum spectrums for CDS, as a metric of the lifetime of a communication link.
(2) Based on the proposed concept, we solve a new problem of maximizing the spectrums of the CDS in CRNs. The remainder of this paper is organized as follows. In Section 2, some definitions are given and problems are formulated. In Section 3, we propose a four-phase algorithm on constructing 2-connected 2-dominating set with maximum spectrums ((2,2)-MSCDS) in CRNs. The simulation results of the proposed algorithm are analyzed in Section 4. Finally, a conclusion is drawn and suggestions are provided for future researches in Section 5.
Definition and Problem Formulation
In this section, some definitions and problems are presented formally. Traditionally, a CRN is defined formally by a graph ( , ) G V E , where
denotes the set of SUs and E is the set of communication links.
Please note that, we denote the number of all available spectrums as MSs (MSs) throughout this paper. A spectrum can be thought available to a SU, if the SU can communicate over this spectrum without causing interference to any active PU. A SU may own several available spectrums in a period of time. The set of potentially available spectrums is denoted by Given a connected network, we define the MSs of the network as Definition 2.
Definition 2 (MSs of a Connected Network). Given a graph ( , )
G V E , where V is the set of vertices and E is the set of link with MSs m . The MSs of G is denoted by 
If there is a CDS such that each dominatee has at least 2 adjacent dominators, then even if 1 adjacent dominator failed, the dominatee still can be connected to the dominating set. In graph theory, a graph is called 2-connected if the graph is still connected after removing 1 vertex. If we have a 2-conneced CDS, then even if 1 node in the CDS failed, the CDS is still connected, which can enhance the robustness of the CDS.
A four-Phase Algorithm
In this section, a four-phase algorithm is proposed to solve the (2,2)-MSCDS problem. Let graph ( , ) G V E present a CRN, where each edge e has a weight, which represents MSs defined before. Our goal is to minimizing the size of the CDS and maximizing the lifetime of the CDS.
Weighting vertices
In the first phase each vertex v is assigned with a function f , whose value is MSs of all adjacent edges. In the second phase, a preliminary model is obtained using an exact algorithm for the minimum ( An exact algorithm is designed to assign a weight to each vertex v , denoted as ( ) f v , as presented in Algorithm 1.
Where, Let Δ denote the degree of a vertex, j i e denote the weight of the j -th edge adjacent with vertex i . The algorithm is distributed, and it can accelerate the speed of execution.
Integer programming formulation
We present an integer programming formulation for (2,2)-MSCDS problem. Before introducing the formulation, the objectives and restrictions of the problem need to be explained in details. The objectives is that minimizing the CDS and maximizing the spectrums. Two restriction exist for the dominating set. The first restriction is, if a certain vertex is chosen to be a dominatee, it has at least 2 adjacent dominators. The second one is that the induced subgraph ( ) G C is 2-connected, where C is the CDS. For simplicity, the two restrictions can be presented as 2-connected 2-dominating. To solve the problem using an integer programming formulation, binary decision variable i x is defined as Eq.1.
1, 0, otherwise
Where, C is a subset of V , representing the vertices to be chosen as dominators.
Thus, two objectives can be represented as Eq.2 and Eq.3.
To represent the first restriction, suppose that vertex i is chosen as a dominatee ( To meet the second restriction, the formulation must satisfy the following constraint. However, constraint in Eq.5 is not sufficient for the second restriction.
,
Menger's theorem is applied to meet the second restriction. 
Let s and t are two nonadjacent vertices in the CDS of G , and let st C denote the set of all st-vertex-cuts in the CDS. Then the second restriction can be represented as Eq. 6.
Thus, the integer programming formulation can be solved optimally, which is composed of constraints in Eq. 4 and Eq.5 with binary integer restrictions on
Finally, we construct a subgraph ' G of G as described in Algorithm 2, which is also distributed for economical computation cost.
Optimizing subgraph '

G
The subgraph ' G obtained with Algorithm 2 is not always a (2,2)-CDS. So, a further checking operation is necessary. Since the constraint in Eq.4 represents the first restriction, ' G satisfies the 2-dominating requirement obviously. On the other hand, whether the induced subgraph ' G satisfies the 2-connected requirement or not can be checked in polynomial time. For example 9 , complexity of computing the vertex connectivity is O(m+n) where m is the number of edges and n is the number of vertices of the graph.
If the connectivity of the subgraph is not less than 2, a (2,2)-MSCDS is obtained successfully. Otherwise, some vertices violated the constraint in Eq.6 will be identified at first, and then they are added to the subgraph ' G . Thus, a (2,2)-MSCDS is obtained.
If there exist several vertex cuts violated by the constraint in Eq.6 for two certain nonadjacent vertices s and t , we use the minimum st-vertex-cut to identify the vertices as described in Algorithm 3. The method of minimum stvertex-cut may tighten the formulation the most and reduce the computational cost. The minimum st-vertex-cut can be obtained using the maximum flow algorithm [11] .
The final algorithm (2,2,)-MSCDS
Finally, the (2,2)-MSCDS can be obtained as presented in Algorithm 4.
Simulation
Simulation Settings
To simulate the Cognitive Radio Network, for simplicity we only considered the SUs and available spectrums. A graph which was generated randomly with MatLab was used as the topology of the CRN. In each simulation run, we randomly generate the locations of Pus and Sus according to the uniform distribution. Due to limited sensing capacity of CUs, each CU can obtain some spectrums. In our algorithm, we selected such nodes which can obtain more spectrums.
Simulation Results
To evaluate the performance of the proposed algorithm, k-coverage algorithm, CGA (Tarjan, 1972) and our algorithm are implemented for the same instance. For each instance, the number of vertices is changed from 30 to 150 with an increment of 10.
Simulation results shown in Fig. 1 indicate that our algorithm outperforms the heuristic (CGA (k=2, m=2)) and kcoverage(k=2) in terms of the size of CDS when the number of nodes is small. connect all the arcs that were coming to to , and similarly, connect all the arcs that were going out of to . 3.
Calculate the maximum flow from to using the maximum flow algorithm and identify a minimum st-cut. 4 . take the vertices which correspond to the arcs in the minimum st-cut as the vertices of a minimum st-vertex-cut.
Fig. 2 CDS Size Comparision in Large Scale Network
Conclusion
In this work, we first propose a concept of maximum spectrums, and design a four-phase algorithm to construct a minimum 2-connected 2-domiating set in CRN. In the proposed algorithm, the condition of 2-connected 2-dominating can guarantee the robustness of CDS. As well, the condition of maximum spectrums can made the lifetime of CDS in CRN longer.
To illustrate the performance of the proposed algorithm, the size of 2-connected 2-dominating set is compared with the classical algorithms of CGA k-coverage and Max_CDS which are closely related to our work. Simulation results indicate that our algorithm perform better. However, when the number of nodes becomes large, it may fail. The problem is an interesting topic for further research.
